Abstract: Low back pain (LBP) is the world's most disabling condition. Modic changes (MC) are vertebral bone marrow changes adjacent to the endplates as noted on magnetic resonance imaging. The associations of specific MC types and patterns with prolonged, severe LBP and disability remain speculative. This study assessed the relationship of prolonged, severe LBP and back-related disability, with the presence and morphology of lumbar MC in a large cross-sectional population-based study of Southern Chinese.
INTRODUCTION
L ow back pain (LBP) is the world's most disabling condition, resulting in tremendous socioeconomic and healthcare costs.
1,2 Specific LBP phenotypes have been identified, but may only represent approximately 15% of LBP conditions. 3 Lumbar intervertebral disc degeneration (DD) is thought to be a significant LBP risk factor. [4] [5] [6] [7] [8] Usually, in these studies, DD has been defined as disc space narrowing and disc signal intensity loss (ie, so-called ''dark discs''), commonly represented in various classification schemes (eg, Pfirrmann classification). 9 DD and other degenerative findings on magnetic resonance imaging (MRI) have also been described among asymptomatic subjects 8, 10 ; therefore, more specific LBP-related MRI phenotypes would be informative.
Modic changes (MC) are one potential specific LBP phenotype. 11 MC are vertebral body marrow changes adjacent to the endplates that are visible on MRI, 12 and are typically characterized as 3 distinct types. [12] [13] [14] Type I MC display decreased signal intensity on T1-weighted (T1w) and increased signal intensity on T2-weighted images (T2w), indicating marrow edema and histologically represent disruption and fissuring of the endplates and vascular granulation tissue. Type II MC present increased signal intensity on both T1w and T2w, representing histologically fatty degeneration of the adjacent vertebral marrow. Type III MC represent decreased signal intensity on both T1w and T2w, indicating relative absence of bone marrow and presence of bone sclerosis. [12] [13] [14] When different types, usually I and II or II and III, are seen at the same adjacent vertebral body, they are called mixed types (I/II or II/III, respectively). 15, 16 Size and location of MC have been usually evaluated according to vertical height, 17 anteroposterior (AP) length, 18 or involvement in the horizontal plane stratified to 4 regions. 16, 19 However, recently, a more extensive evaluation of the MC phenotype, in particular, its topographical characteristics, has been reported. 20 The associations of MC with different degenerative MRI findings have largely involved DD, disc bulge or herniation, and endplate defects (ie, Schmorl's nodes [SNs] ). 12, [21] [22] [23] [24] [25] [26] [27] Demographic or lifestyle factors associated with MC include age, 16, 18, 28 male sex, 24, 28 higher body mass index (BMI), 24, 29 smoking, 30 and heavy physical work. 30 With the exception of age, associations of MC with different demographic or lifestyle factors remain inconclusive.
Modic changes, especially type I changes, have been associated with LBP in population samples, 27 ,31 among workers, 32 and in clinical populations. 22, 30, 33, 34 However, these studies have had at most moderate sample sizes, and insufficient assessment of spine degenerative phenotypes and confounding factors were performed. Moreover, recent studies have showed conflicting results between MC and pain, 26, 35 and between MC and back-related disability. [36] [37] [38] Furthermore, the relation of MC with more severe LBP remains speculative. In addition, detailed MC phenotype assessment, in particular, morphological and topographical variations in relation to prolonged severe LBP and disability remains unknown. Therefore, the following study addressed the relationship of prolonged severe LBP and back-related disability with lumbar MC in a large-scale, Southern Chinese general population. More specifically, the study addressed the influence of type, location, extent, and depth of MC on pain association.
METHODS

Study Population and Design
This study was a cross-sectional cohort study from a general population that consisted of Southern Chinese volunteers who were part of the Hong Kong Disc Degeneration Population-Based Cohort Study. 5, 7, 39 An informed consent was obtained from every participant and the local ethics committee approved the study. The study population was recruited by open invitation for adults with newspaper advertisements, posters, and e-mails without particularly seeking subjects with LBP. There were no exclusion criteria concerning LBP. Subjects underwent a nurse-lead interview, examination for lifestyle factors and demographic data, and underwent lumbar MRI. This study population has been assessed earlier to evaluate more precise phenotype of MC and their relationship to other MRI phenotypes. 20 
Low Back Pain and Disability
Subjects reported the duration of LBP in the past year as 0 day, 1 to 7 days, 8 to 30 days, over 30 days, or daily LBP. They also marked the worst LBP experience in the past on 0 to 10-cm visual analog scale (VAS). For the analyses, LBP duration was divided into LBP under or over 30 days. Based on the results of pain severity assessment by Boonstra et al, 40 LBP severity was divided into 3 categories: no pain or mild pain (VAS <3), moderate pain (VAS 3-5.9), and severe pain (VAS !6). Prolonged severe LBP was defined as LBP lasting at least 30 days, with the worst LBP severity at least 6 out of 10.
Back-related disability was evaluated using Oswestry Disability Index (ODI). 41, 42 ODI takes into account back trouble that affects everyday life such as personal care, lifting, walking, sitting, standing, and sleeping. 42 The ODI is scored from 0% to 100%, with higher scores noting worse disability. We defined ODI scores !15% to note back-related disability.
Magnetic Resonance Imaging
Lumbar (L1-S1) MRIs were obtained on a 3-T scanner (Siemens or Phillips), as earlier described. 20 Sagittal T2-weighted MRIs consisted of the following protocol: 5 mm slice thickness, 1 mm slice gap, field of view (FOV) of 280 mm Â 240 mm, and a matrix of 448 Â 336. There was no fat suppression for the T2 scans. T1w axial MRIs contained the following protocol: 4 mm slice thickness, 0.4 mm slice gap, FOV of 210 mm Â 210 mm, matrix of 218 Â 256, and a repetition time (TR) of 500 to 800 (dependent on body size) and an echo time (TE) of 9.5 milliseconds.
Evaluation of Magnetic Resonance Imaging
Evaluation of MRIs has been described in detail in our previous study. 20 Briefly, lumbar MRIs were evaluated in random order by the first observer (JM), with no information of subjects' clinical status. Later, 100 MRIs were re-assessed by the first observer for intrarator reliability, and 50 MRIs by the second observer (DS) in a random order for interrator reliability. Cranial and caudal vertebral bodies and endplates were evaluated separately. MC were assessed as type I, type I/II, type II, type II/III, and Type III, as previously defined. 12, [14] [15] [16] 20 The maximum vertical height of the MC was evaluated in 4 different grades, and the horizontal length in 3 zones in AP-direction (anterior, midpoint, and posterior lesions; Figures 1 and 2 ). MC present in only 1 sagittal slice and other small MC were excluded.
Type I MC was thought to represent an active ongoing inflammatory process, and therefore we classified type I and type I/II as ''type I'' group in the analyses. Similarly, we classified type II and type II/III as ''type II'' group.
Degree of DD was graded using the modified Pfirrmann classification 9 as following: normal height and clear distinction of the nucleus and annulus (grades 1 and 2); normal to slightly decreased height of the intervertebral disc and unclear distinction of the nucleus and annulus (grade 3); normal to moderately decreased height of the intervertebral disc and lost distinction of nucleus and annulus (grade 4); and a collapsed disc space with lost distinction of nucleus and annulus (grade 5). DD summary score was calculated by adding all 5 lumbar levels (ie, L1-S1) and further divided into 2 categories: DD score of less than 16 was considered normal to mild degeneration, whereas a score of 16 and over was regarded as moderate to severe degeneration. 20 Disc displacement was noted as disc bulge, protrusion or extrusion, as earlier described, 20 and graded as present or absent at any level.
Lifestyle Factors
Height (meters) and weight (kg) were measured in clinical assessment and BMI was calculated as kg/m 2 . Smoking was classified as nonsmokers and smoking 10 or >10 pack-years during one's lifetime. Pack-years were achieved when subjects reported years they had smoked daily in total and average amount of cigarettes smoked per day, dividing the average amount of cigarettes smoked per day by 20 and multiplying the result with years they had smoked daily in total. Physical workload was assessed from the current or past occupation as sedentary, light, medium, heavy, or very heavy, and categorized as sedentary/light, medium, and heavy/very heavy.
Statistical Analysis
The data were collected and coded upon a spreadsheet. The descriptive statistics were calculated for all variables (Table 1) , and compared among participants with and without MC using the t test (age, BMI), the Mann-Whitney U test (LBP severity, ODI score), and the chi-square test (sex, smoking, workload, LBP duration, DD, disc displacement; Table 2 ). Inter and intrarator reliability were evaluated using Kappa analyses. Reliability and Kappa values were considered as poor ( 0.69), satisfactory (!0.70), and good to high (!0.80). 43 Logistic regressions were used to analyze the associations of LBP and ODI with type, location, extent, and depth of MC (Tables 3 and 4) . First, unadjusted odds ratios (ORs) and 95% confidence intervals (CIs) were calculated to estimate the crude association between each MC variable and outcome variables. The logistic regression models were adjusted first for age and sex, then additionally for lifestyle covariates, and finally additionally for DD. After the final analyses, the influence of disc displacement on different MC variables was also assessed. Only subjects with complete data (MC, covariates, and LBP/ODI) were included to the models. In addition, linear regressions were conducted to determine the impact of number of posterior MC on FIGURE 1. Sagittal T2-weighted magnetic resonance images showing a subject with (A) no modic changes (MCs), disc degeneration or history of prolonged severe low back pain (LBP); (B) another subject with MCs at L1 to L2 affecting anterior zone in cranial vertebral body, and anterior and midpoint zone in caudal vertebral body adjacent to the endplate, and history with disc degeneration, but no prolonged severe LBP; and (C) another subject with MCs at L4 to L5 affecting the whole anterior-posterior length in both cranial and caudal vertebral bodies adjacent to the endplates with disc degeneration and history of prolonged severe LBP. LBP severity or ODI score ( Figure 3 ). In all analyses, the reference category was defined as the participants without any MC. Stata 13.1 version was used for all statistical analyses.
RESULTS
Study Population Characteristics
Magnetic resonance imaging was available for 1546 subjects. In total, 1142 (74%) subjects attended the interview and examination. There were 717 (63%) females and the mean age of the study population was 53 years (Table 1) . Mean BMI was 24.1 kg/m 2 and 86 (9.3%) subjects had smoked more than 10 pack-years during their lifetime. Sedentary or light workload was reported by 565 (50%) subjects.
Reliability of MC Evaluation
The reliability of MC evaluation has been assessed previously. 20 Shortly, the intraobserver reliability of MC presence was high (kappa 0.94). The intraobserver reliability of MC height was 0.69 to 1.00 and MC width was 0.73 to 0.98, depending on the vertebral body adjacent to the endplate. Interobserver reliability was good to high regarding all MC parameters (kappa > 0.80).
Modic Changes
Modic change prevalence, horizontal and vertical locations, and sizes of MC have been previously described in detail. 20 Briefly, 282 (24.7%) subjects had MC (Table 1) . Subjects with MC were older (P ¼ 0.003), had more frequent disc displacements (P < 0.001), and greater DD (P < 0.001) than subjects without MC (Table 2 ). There were no significant differences regarding sex, BMI or smoking status.
Of all subjects with MC, 81 (7.1%) had ''type I'' and 201 (17.6%) had ''type II'' MC (Table 1) . MC in the horizontal posterior planes were more infrequent than MC in the anterior or midpoint plane: 203 (72%) subjects had any MC in the posterior plane, 265 (94%) in the anterior plane, and 264 (94%) in the midpoint plane. Regarding MC affecting any posterior horizontal plane, 90% of those affected whole AP length. As for vertical height of MC, 127 (45.0%) subjects had at least 1 MC extending ! 25% of the vertebral height and 50 (17.7%) subjects 2 or more MC extending ! 25% of the vertebral height.
Modic Changes and Low Back Pain
Subjects with MC had experienced LBP more frequently than subjects without MC (LBP !30 days in the past year 43% vs 33%, respectively; P ¼ 0.005; Table 2 ). Subjects with MC also reported the worst LBP episode in the history as more severe (severest LBP episode VAS median [interquartile range, IQR]: 6.7 [2.9, 8.7 ] vs 4.9 [1.6, 7.5], respectively; P < 0.001). Table 3 presents multiple regression models between prolonged severe LBP and MC variables. In general, the associations strengthened after adjustment for age, sex, BMI, workload, and smoking, but attenuated after adjustment for DD. In the fully adjusted model, any MC was associated with prolonged severe LBP (OR 1.48, 95% CI 1.01-2.18). ''Type I'' MC were more strongly, but statistically nonsignificantly, associated than ''type II'' (OR 1.80 vs OR 1.36, respectively). MC affecting 2/3 posterior length (OR 2.79) and whole AP length (OR 1.61) were significantly associated, whereas anterior or anterior-midpoint oriented or only 1/3 posterior MC were not. The additional adjustment for disc displacement did not differ between different MC variables in AP direction (P > 0.05). The number of MC in the lumbar spine increased the strength of association (Table 4) . These associations were similar in magnitude at both the lowermost 3 and the uppermost 2 levels of the lumbar spine. In case of LBP severity and posterior MC lesions, there was an almost linear increase in LBP severity with increasing number of posterior MC lesions after all adjustments ( Figure 3A ). There were no interactions between any explanatory variables in multivariable analyses, such as between sex and workload (P > 0.05). Defined as lasting for at least 30 days in the past year and severest VAS at least 6 out of 10 on a 10-cm VAS.
Modic Changes and Disability
Subjects with MC had greater ODI scores than subjects without MC (median ODI Table 5 presents multiple regression models between back-related disability and MC variables. In general, the associations attenuated after adjustment for DD. In the fully adjusted model, MC were associated with disability (OR 1.47, 95% CI 1.04-2.10). ''Type II'' MC were significantly associated with disability, but ''type I MC''
were not (OR 1.56 and OR 1.23, respectively). Also MC affecting 2/3 posterior length and MC affecting !25% of the vertebral height were significantly associated with disability (OR 2.96 and OR 1.95, respectively), whereas other horizontally located MC were not. When considering number of different MC, at least 2 MC affecting 2/3 posterior length in the lumbar spine were found to be strongly associated with disability (OR 6.60, 95% CI 1.05-41.55). When adjusting for disc displacement, there was no difference between MC Figure 3B . Again, the associations between MC types, horizontal length, and vertical height of MC were essentially similar at both upper and lower levels of lumbar spine.
DISCUSSION
In our study, MC were independently associated with prolonged severe LBP and back-related disability. Type I MC were more strongly associated with prolonged severe LBP, and, on the contrary, type II MC with disability. With regards to horizontal plane, MC affecting 2/3 posterior length and whole AP length were more strongly associated with prolonged severe LBP. Additionally, MC affecting 2/3 of the posterior length were more strongly associated with both prolonged severe LBP and back-related disability than MC affecting whole AP length. Size and number of MC were also important-vertically taller MC were more strongly associated especially with disability, and !2 MC in the lumbar spine were more strongly associated with both prolonged severe LBP and disability.
The association of MC with LBP has been verified in several types of populations. 27, 31 Type I MC has been found to be associated more strongly with LBP than other MC in several studies, 22, [31] [32] [33] [34] but there are also studies that show no association of MC with LBP at all. 26, 35 The sample size in these studies has usually been limited and they have not commonly explored association with severe LBP or disability. One recent study demonstrated MC to be independently associated with episodes of severe and disabling LBP 44 among British female twins, but otherwise the information about the relationship is scarce. In our study, we found an independent association of MC with prolonged severe LBP even after adjustments for confounding factors, including DD. We also found that both size and number of MC in the lumbar spine increased the risk to LBP severity. We believe that the current finding on an association of MC with more severe LBP, where brief episodes of LBP are excluded, strengthens the clinical relevance of MC. To our knowledge, this is the largest study to assess the relationship of distinct MC with LBP.
In our study, MC affecting the whole AP length in the horizontal plane strengthened the association with prolonged severe LBP, and there was almost a linear increase in LBP severity and ODI scores with increasing number of posterior MC lesions. Additionally, posteriorly oriented MC were more painful than anteriorly oriented MC. Modic et al 12 already showed MC to extend from the anterior to the posterior plane. Several studies have shown MC to affect anterior plane more frequently than midpoint or posterior plane horizontally, and, moreover, MC to extend from anterior to posterior plane. 20, 28, 45 Thus, one could suggest that MC extending as far as to the posterior plane horizontally could lead to more severe LBP, and MC remaining more anteriorly would not be so painful. Additionally, nerves to the lumbar vertebra and further to the endplate enter the vertebral body posteriorly and from there terminate to the endplates. 46, 47 Nerves are also found to be more densely located in the midpoint-posterior than in the anterior location. 46 These findings could suggest that the anterior location could be less innervated and thus less painful. One explanation could be posterior disc displacements as they have been associated with MC. 22, 23 Thus, one could argue that posterior MC are associated with prolonged severe and disabling LBP through posterior disc displacements. We adjusted the analyses with disc displacement and found that disc displacement was not significantly associated with MC regarding the location antero-posteriorly. Additionally, MC have been found to extend from anterior to posterior plane more frequently. To the best of our knowledge, this is the largest study analyzing the relationship of the horizontal location of MC with LBP and disability.
Interestingly, we found MC affecting 2/3 of the posterior length to be more strongly associated with both prolonged severe LBP and disability than MC affecting whole AP length. This could be due to number of reasons, for example, this may be related to the different pathomechanisms or stage of MC. The developmental pathway of MC has been studied, and the expansion of MC posteriorly has been suggested, as stated above. This could be due to flexion-extension forces from the anterior to posterior parts of the vertebra and endplate. 28 Some longitudinal studies have also found MC to regress, 45, 48 but the course of regression is not known. Jensen et al 45 found small MC in height to be more prone to regression than taller MC. There is still no information whether MC regress from the anterior to the posterior plane, vice versa or with some other mechanism when considering horizontal location. Thus, we cannot conclude the course of MC and we are unable to reason why MC affecting 2/3 of the posterior length are more painful than MC affecting the whole AP length. Naturally, there could be other factors than developmental pathway of MC to explain the difference.
Considering subjects with multiple MC, we included subjects with multiple analyses. Hence, one could have multiple MC with different horizontal locations. This could affect the results when evaluating the differences of horizontal locations of MC. Although our study population was quite large, we did not have enough subjects to assess all MC location possibilities separately.
Studies addressing the influence of MC on disability are rare. Järvinen et al 49 studied 64 chronic LBP patients and found that persistence of extensive type I MC was associated with higher likelihood of persistence of disability in 2-year follow-up. In the study of 85 patients with lumbar disc herniation, ODI improved among patients without MC, but not among patients with MC at 6 months. 38 Keller et al 37 studied 269 chronic LBP patients and did not find any significant influence of MC on disability during the 1-year follow-up. With regards to surgery, one study with 154 chronic LBP patients who had been treated with disc prosthesis found that MC predicted better outcome at 2 years. 36 To the author's knowledge, there is lack of information about association of MC with disability in general population. We found MC to be associated with back-related disability, and ''type II'' to be more strongly associated with disability than ''type I'' MC.
In contrast, we found ''type I'' MC to be more strongly associated with prolonged severe LBP than ''type II'' MC. This finding is consistent with several studies and strengthens the view that type I is related to LBP more strongly than other MC types. There is a common consensus that different MC types are the same pathologic processes leading from type I to I/II or II and finally to type III. 12, 15, 32 Our findings support the view that type I MC are inflammatory and more acute and thus more painful than type II MC, but type II MC are more stable and thus could be more disabling over time.
The ODI has been found to be a valuable outcome measure for spinal disorders. 41, 42 We dichotomized ODI for the analyses as scores <15% and !15% as we evaluated general population. The influence of ODI did not strengthen after the score of 15%. To our knowledge, there are no established cut-points to categorize ODI scores in general population.
Since MC and DD are so closely associated, one could suggest that those would affect LBP additively. The effect of MC and DD on LBP and disability was not additive in our study, suggesting that they are related to the outcomes by common mechanisms. Indeed, this suggestion is supported by this and previous studies, [23] [24] [25] which have found a strong association between MC and DD. A recent study from the UK Twin population 44 also found loss of disc height and disc signal intensity to be independently associated with the prevalence of MC.
Like in every study, our study also has some limitations. Our study was cross-sectional and thus we cannot conclude any causal relationships, changes in disability, or symptomatic pathway with regard to this study population. As stated previously, 20 volunteers have been recruited, which could overestimate people with earlier LBP history to attend the study. Nevertheless, this cohort has earlier been found to be illustrative of the general population.
5,50 Furthermore, we have not explored the relationship between disc displacement and MC in a longitudinal design, but our aim is to evaluate this in a follow-up study more comprehensively. Theoretically, other MRI findings we have not explored in this study, such as spinal stenosis, facet arthropathy, or annular fissures, could also affect the results. The strengths of our study are the size and homogeneity of the study population, and also the ability to account for various demographic, lifestyle, and occupation factors. To our knowledge, this is the largest study to assess the relationship of specific MC and severe LBP and back-related disability. Subjects were also Southern Chinese and this increases the homogeneity of the study population and decreases the potential confounder of associated with mixed ethnicities. 
CONCLUSIONS
To the best of our knowledge, our large-scale study represents one of the first to date to extensively assess the clinical relevance of distinct MC. Our results showed that MC were independently associated with prolonged severe LBP and back-related disability, and that there are specific MC phenotypes and patterns which are more significantly associated than others. These findings support the idea of MC as possible ''imaging biomarkers'' among LBP patients. Our study raises awareness to the need to assess specific MC phenotypes regarding morphology and extent of vertebral involvement, which may contribute to the understanding of LBP development and severity. Understanding such parameters may provide greater insight in identifying clinically relevant phenotypes for future studies (eg, genetics, biomechanical, global spinal alignment, outcome studies), and in designing preventative and personalized therapeutics addressing chronic LBP.
